ABSTRACT >> Even with its significant influence on the dynamic analysis and foundation design of structures, sometimes the soil-structure interaction has been ignored during the design process. One of the reasons is due to the fact that the modeling procedures are too complicated to meet the requirements in practice. In this study, using the Cali(IT)2 building in California with high and frequent seismic activities, the analysis differences for different boundary conditions are reviewed. The Beam on Nonlinear Winkler Foundation Model, one of the foundation modeling methods, is modified for easy use by the Linear Matrix Inequalities Model Reduction Technique. The product of the proposed process is applied to create the Finite Element Model. The results show fairly good agreement with the real data acquired from the Cal(IT)2 building.
Introduction
When the response of the soil influences the motion of the structure and the response of the structure influences the motion of the soil, it is referred to as soil-structure interaction. For highly flexible structural systems, foundation displacements and rotations may be inconsequentially small relative to those in the building and can be safely neglected. However, for stiff structural systems, foundation deformations can represent a significant component of system flexibility. Ignoring foundation deformation in such cases results in mischaracterization of dynamic properties such as the fundamental mode frequency and the damping ratio.
(1), (2) As a result, it biases the engineering characterization of seismic demand.
There have been many efforts to make engineering guidelines for simple characterization of soil-structure-interaction(SSI) effects. One of the representative guidelines is intended for use with force-based characterization of seismic design, as is commonly used for new building construction. These procedures were introduced by ATC (3) and an updated version is published in the NEHRP
Recommended Provisions for Seismic Regulations for New
Buildings and Other Structures. (4) The ATC and NEHRP The other guideline is intended for use with nonlinear static methods for structural performance assessment, as commonly used for building retrofit design. (5) , (6) In this approach, the structural performance is characterized by a nonlinear static pushover curve. The shape of the pushover curve, as well as the distribution of member shears and moments, can be sensitive to foundation modeling.
Accordingly, the aforementioned documents provide recommendations for modeling the foundation-soil system as elastic-perfectly-plastic elements positioned at each footing.
The elastic portion is based on the real part of wellknown impedance functions for foundation lateral translation, vertical translation, and rocking. The plastic portion of the foundation springs is based on limiting soil pressures associated with bearing capacity failure(In the vertical direction) and sliding/passive failure(In the lateral direction).
Those guidelines are typically based in large part on representing the soil-foundation interaction in terms of elastic impedance functions that describe stiffness and damping characteristics. Such approaches are not able to capture the nonlinear behavior at the foundation level, which may involve formation of a temporary gap between the footing and soil, the settlement of the foundation, sliding, or energy dissipation from the hysteretic effects.
A new research (7) proposed Beam-on-Nonlinear-WinklerFoundation (BNWF) model to overcome those shortcomings.
The BNWF model consists of a system of closely spaced independent nonlinear inelastic springs that are capable of capturing gapping and radiation damping. Vertical springs distributed along the base of the sides of the footing capture the resistance to sliding. The primary object of this research is to evaluate the effects of soil-structure interaction on identified modal frequencies. To achieve the goal, a high-fidelity and low order BNWF model is developed. The feasibility of the model is examined using measured data from the Cal(IT)2 building (See Figure 1 ).
In Cal(IT)2 building and in its foundation soil, 43
force-balanced accelerometers were installed during the were mounted on shear walls at the ground level and the roof level to monitor the rocking motion of the structure.
What makes this building unique is that 12 sensors were installed in the free-field and deep onto the bedrock, in addition to those on the building structure. This makes it possible to better understand the whole soil-structure system. The down-hole sensors are 3 m deep and the free-field sensors are approximately 10 m away from the structure.
Soil Condition at Cal(IT)2 Building Site
During the earthquake ground motions, soil starts to move and as a result, the modal frequencies of the soil-structure system decreases. This is due to the change in the shear modulus of the foundation soil during the earthquake, which can be examined by the strain history 
where G is shear modulus, and ρ is dry density of soil. 
Foundation Modeling

Dynamic Parameters
A key step in current methods of dynamic analysis of SSI under seismic loading is to estimate the dynamic impedance functions associated with a rigid but massless function. However, application of computational methods to a specific engineering problem requires substantial expertise in idealizing the actual system, and entails significant data-preparation and computation expenses.
As a practical alternative, several researchers have developed simplified methods, among them, Gazetas equations for shallow stiffness (8) are widely used because it adequately reflects following key characteristics of the foundation-soil system and excitation: (1) Figure 3 . Here, as an example, the vertical stiffness of foundations is provided (Table 3) .
Evaluation of Soil-Structure Interaction
As illustrated in Figure 4 , the objective of system identification analyses is to evaluate the unknown properties of a system using a known input into, and output from, that system. For analyses of seismic response, the system has an unknown flexibility that generates a known difference between pairs of input and output strong motion recordings.
As indicated in Figure 5 , Pseudoflexible-base representing flexibility in the structure and rocking in the foundation. (2) Using discrete time filter(DTF), transfer functions were obtained as Figure 6 for Yucaipa Earthquake. (9) It was observed that under earthquake excitations, the identified modal frequencies increase as the modeling of the building base changes from the flexible base to the fixed base( 
Beam on Nonlinear Winkler Foundation (BNWF) Model
This model is constructed with elastic beam-column elements to capture the structural footing behavior and zero-length soil elements to model the soil-footing behavior. As illustrated in Figure 
where z0 is displacement at the yield point and z50 is displacement at which 50% of the ultimate load is mobilized, which is defined as c and n are constitutive parameters controlling the shape of the post-yield portion. According to Matlock (10) and API (11) , c=10, n=5, C r =0.35 for soft clay, and c=0.5, n=2, Cr=0.2 for drained sand. The ultimate bearing capacity (q ult ) can be obtained by the Terzaghi theory (12) . See Table 5 for more values.
As an example, BNWF model for F10 footing in Cal(IT)2 building is considered. For simplicity, only vertical elastic and inelastic springs in vertical direction are designed for the applied moment in x-direction(Mx).
1) Stiffness intensity ratio, R k =K end /K mid is 5, in this case.
2) End length ratio, Re=Lend/L, is 0.16 per ATC-40, therefore, L end =1.6 ft. 
As a test bed, 2-dimensional F3 footing receiving vertical load and moment is considered( Figure 9 ). For simplicity purpose, damping is not considered here.
( ) 
The equation of motion is M  z Kz  u t and let
T then it is described by the nonlinear differential equation of the form. (14) ( )
z t u t t =
Now suppose the input is perturbed slightly to become 
Through the coprime factorization process, the structured gramians are obtained
where
as a result, Equation (19) is obtained.
The controllability gramian and observability gramian shown in Equation (19) are in form of block diagonal matrices. They are intentionally separated into three blocks to keep the topology of each block. Now, each of gramians can be balanced without mixing the states with other blocks. Finally we have three balanced realization corresponding to their region as shown in Figure 10 . 
Results and Conclusion
A 3-D finite element model of Cal(IT)2 building was developed with ETABS ® and analysis performed to obtain an insight to the modal characteristics( Figure 11 ). Some material properties are summarized in Table 6 .
The shear walls are modeled with "membrane" element to represent in-plane member stiffness. The cast-in-place walls and the slabs are modeled with "shell" element to and amplitude match fairly well. In the future study, it will be interesting to observe how the updated supporting condition affects the simulation.
